Postnatal skeletal muscle growth and regeneration is dependent on muscle-resident progenitor cells [1] [2] [3] [4] [5] [6] [7] [8] [9] 
Postnatal skeletal muscle growth and regeneration is dependent on muscle-resident progenitor cells [1] [2] [3] [4] [5] [6] [7] [8] [9] . Considerable work has demonstrated that satellite cells are a major source of progenitor cells in postnatal skeletal muscle 2, 5, 6, 8, [10] [11] [12] [13] . Satellite cells were first defined by their anatomical location between the basal lamina and muscle fibre plasma membrane 14 . The identification of genes specifically expressed in satellite cells, such as the paired box transcription factor, Pax7 (ref. 8 ) and MCadherin 15 , allows for their identification using standard microscopy. Pax7 is required for postnatal muscle growth and maintenance of the satellite cell population, and both Pax3 and Pax7 participate in the establishment of the myogenic lineage during early development 12, 16 . Constitutive Pax7 mutant muscle shows a significant reduction in the satellite cell population during the first weeks of postnatal life, which is attributed to decreased proliferative capacity [17] [18] [19] and increased apoptosis 19 . Studies using primary muscle culture and isolated single myofibres support a role for Pax7 in satellite cell self-renewal 13, 20, 21 . A recent report demonstrated that Pax7 and Pax3 are not required during adult life 22 , suggesting that key cellular events during postnatal muscle development remain to be elucidated.
Non-satellite cell progenitors, such as bone marrow-derived circulating stem cells and muscle resident cell populations, can also participate in myogenesis [23] [24] [25] [26] . However, as a consequence of the methods used to isolate these myogenic progenitors, such as cell culture selection techniques and flow cytometry-based sorting using cell surface markers or Hoechst dye exclusion, critical information is missing regarding the precise anatomical localization of these non-satellite cell progenitors, as well as their physiological contribution to muscle growth and repair 23, 24, [26] [27] [28] [29] , with the exception of mesoangioblasts, which can be localized as alkaline phosphatise-positive cells associated with the vessels 30 . We used a differential screening approach to identify factors involved in skeletal muscle stem cell commitment leading to the isolation of PW1/ Peg3 (ref. 31) . PW1 is expressed in primary myoblasts and myogenic cell lines [31] [32] [33] [34] . PW1 expression initiates in early embryonic mesoderm and is downregulated in tissues as they differentiate 31 . In postnatal skeletal muscle, PW1 expression is detected in satellite cells and a subset of interstitial cells and is markedly upregulated during muscle regeneration 32, 33 . PW1 participates in TNF-NFκB signalling and p53-mediated cell stress pathways [32] [33] [34] [35] [36] [37] . Transgenic mice expressing a truncated form of PW1 (ΔPW1) that inhibits TNF and p53 signalling pathways 5 show a profound failure in postnatal muscle growth reminiscent of the Pax7 constitutive mutant phenotype 8, 33 . ∆PW1-expressing mice are severely atrophic despite the presence of active Pax7 + cell clusters underneath the basal lamina, implicating a role for PW1 in stem cell behaviour and postnatal muscle growth 33 . Together with p53, PW1 participates in regulating intrinsic and extrinsic stress pathways in myoblasts, placing PW1 as a key regulator of muscle atrophy 32, 35 .
In this study, we show that PICs can be isolated and their cell fate determined. PICs show bipotential behaviour in vitro, generating both smooth and skeletal muscle. Using single cell analyses, we observed that both lineages can be derived from a single PIC. Whereas freshly isolated PICs do not express Pax7 or MyoD, we observed that they convert to a Pax7 + /MyoD + state before forming skeletal muscle in vitro. Furthermore, we detected pronounced myogenic capacity of PICs following injection into damaged muscle tissue in vivo, comparable to that observed with freshly isolated satellite cells. Pax7 mutant mice (Pax7 -/-) show a marked increase in PICs during postnatal development, which is inversely proportional to the decrease in satellite cells. Satellite cells isolated from
Pax7
-/-mice proliferate well and are highly myogenic in vitro, however,
-/-PICs show almost no skeletal myogenic capacity but retain the ability to become smooth muscle. Using lineage analyses, we show that PICs are not derived from a Pax3-expressing parental cell and thus do not share a satellite cell lineage; however, PICs do express Pax3 upon conversion to skeletal muscle. These data identify a new bipotent resident stem cell in skeletal muscle and are consistent with a model whereby Pax7 Laminin staining (orange) shows the basal lamina. Nuclei were counterstained by DAPI (blue). We note that PW1 is expressed in satellite cells (colocalized with Pax7) in addition to a subset of interstitial cells (Pax7-negative). Scale bar, 50 μm. (b) Cross-section of a P14 hindlimb muscle from wild-type (P14 WT) mice immunostained for PW1 (green), mCadherin (red) to identify satellite cells and laminin (orange). DAPI staining identifies nuclei (blue). We note PW1 is expressed in satellite cells (mCadherin-positive, red arrowhead) and in a subset of interstitial cells that do not express mCadherin (green arrowhead). Scale bar, 50 μm. ) immunostained for mCadherin (red), PW1 (green) and laminin (orange). DAPI staining (blue) identifies nuclei. Satellite cells (red arrowhead) and PICs (green arrowhead) are readily identified. Scale bar, 50 μm. (f) Quantification of PICs (green) and satellite cells (red) per 100 fibres for wild-type and Pax7 -/-mice at P0, P7 and P14 from crosssections immunostained as shown in b and e. Values represent the mean number of positive cells ± s.e.m. per 100 fibres and statistical analyses were performed using Student's t-test, *P < 0.05, **P < 0.01 and ***P < 0.001 (n = 4 per genotype and age). Circle area is relative to the total cell number. In Pax7 -/-muscle, the number of PICs is significantly increased at all stages examined. (g, h) Cross-sections of P0 hindlimb muscles from wild-type (P0 WT) and Pax7 -/-(P0 Pax7 -/-) mice immunostained for Ki67 (red), to identify proliferating cells, PW1 (green) and laminin (orange). Wild-type and Pax7 -/-PICs express Ki67 (proliferation marker, arrows). We note clusters of proliferating PICs in Pax7 -/-muscle only. Scale bar, 50 μm.
expression is required for the postnatal recruitment of PICs to skeletal muscle during postnatal growth. Furthermore, these data implicate PICs as a key cell population that cannot be recruited into the skeletal muscle lineage in the absence of Pax7 function and is likely to contribute to the Pax7 muscle phenotype during postnatal growth.
RESULTS

PW1 identifies two distinct populations in postnatal muscle
To define the cell types in which PW1 is expressed in postnatal muscle, we stained muscle tissue sections for PW1, laminin to delineate the basal lamina and Pax7 (Fig. 1a) or MCadherin 15 ( Fig. 1b) to identify satellite cells. Interstitial PW1 + /Pax7 -cells are abundant at birth, remain identifiable into adult life and then decline in older muscle, but increase following muscle injury (data not shown) 32, 33, 35 . As Pax7 -/-mice have a significantly reduced lifespan 8, 17, 38 , we restricted our analyses to the first 2 weeks of postnatal development. We observed that PW1 was expressed in two distinct compartments: satellite cells and a subset of interstitial cells (Fig. 1a, b ) 32, 33 . Most satellite cells expressed PW1 at postnatal day (P) 14 (93 ± 4%; n = 3 mice, > 350 fibres per mouse). PW1 expression was also detected in a subpopulation of interstitial cells (23 ± 3%; n = 3 mice, > 350 fibres per mouse). PICs did not express skeletal muscle, smooth muscle, endothelial or macrophage-specific gene markers at detectable levels, however, PICs were positive for vimentin ( Supplementary Information, Fig. 1a-e) , characteristic of muscle progenitors 39, 40 .
The PIC population is markedly increased in Pax7 mutant muscle As the satellite cell compartment is reduced in the Pax7 -/-mouse 8 , we predicted that overall levels of PW1 + cells would decrease, reflecting the decrease in satellite cells. Surprisingly, we observed a marked increase in PW1 + cells in the Pax7 mutant by P14 (Fig. 1c, d ). We quantified the number of satellite cells and PICs in wild-type, Pax7 +/-and Pax7 -/-muscle during postnatal development (Fig. 1f) . We found that Pax7 +/-muscle showed no significant phenotype, therefore only data from wild-type and Pax7 -/-mice are presented. We considered MCadherin-positive cells present under the basal lamina to be satellite cells [41] [42] [43] . As in wild-type muscle (Fig. 1b) , satellite cells and PICs were detected in Pax7 -/-muscle (Fig. 1e) . The percentage of satellite cells expressing PW1 did not vary significantly (93 ± 4% versus 98 ± 2% for wild-type and Pax7 -/-, respectively, at P14; n = 3 mice per genotype, > 350 fibres from randomly chosen fields per mouse; see Methods), however, we observed clear differences in the total number and ratio of satellite cells and PICs (Fig. 1f) . At birth (P0), wild-type and Pax7 -/-mice showed similar numbers of satellite cells, however, during postnatal growth (P7 and P14) this population declined significantly in Pax7 mutant mice. In contrast, the number of PICs was significantly elevated in Pax7 mutant mice at all stages examined. The most notable difference was observed at birth where twofold more PICs were present in Pax7 mutant mice (Fig. 1f) , resulting in an expansion of the interstitial compartment (39 ± 2 versus 52 ± 6 interstitial cells per 100 fibres for wild-type and Pax7 -/-mice, respectively, at P = 0; n = 3 mice per genotype, P = 0.05, > 350 fibres per mouse). Overall, we observed a shift in the ratio of PICs to satellite cells from ~ 1:1 in wild-type to ~ 3:1 in Pax7 mutant mice (Fig. 1f) . The increase in PICs at birth represents the earliest phenotype detectable in Pax7 -/-muscle, preceding the decline in satellite cell number. To determine the proliferative status of PICs, we stained wild-type and Pax7 -/-muscles at various stages of postnatal development for Ki67. We noted clusters of Ki67 + PICs in Pax7 -/-at P0, whereas only scattered Ki67 + PICs were observed in the wild-type muscle (Fig. 1g, h ), revealing that loss of Pax7 is concomitant with an increase in PIC proliferation. By 1 week after birth, PICs and satellite cells were mitotically quiescent in wild-type muscle with few proliferative cells at birth.
PICs are present in the skeletal muscle Sca1 + /CD34 + population Primary bulk cultures (cultures of all single cells) derived from postnatal muscle gave rise to numerous myogenic cells, all of which co-expressed PW1 and Pax7 following several days in culture (Fig. 2a) . In contrast, we never observed PW1 + cells that expressed Pax7 or MyoD in culture, even though PICs were as abundant as satellite cells in muscle tissue (Fig. 1f) . As a prerequisite step to explore PIC cell fate, we developed a fluorescenceactivated cell sorting (FACS) approach using cell-surface markers previously used to isolate muscle stem cell populations 26, 29, 44 . Freshly sorted cells from P7-10 pooled muscle were immediately cytospun onto glass slides and analysed for PW1 and Pax7 expression. The Ter119 HIGH and CD45 + populations were completely PW1-and Pax7-negative whereas the remaining fraction contained a mixture of PW1 + and PW1 -cells ( Supplementary  Information, Fig. S1f-h) . This fraction was then sorted for Sca1 and CD34, revealing four distinct populations ( + fractions (Fig. 2c) . As the Sca1 MED fraction contained > 80% PICs, this fraction was further investigated in vitro and in vivo. The same approach was used to isolate satellite cells and PICs from Pax7 -/-mice. In agreement with our in vivo quantification (Fig. 1f) , loss of Pax7 resulted in a diminished satellite cell fraction (21 ± 4% for wild-type, 5 ± 1% for Pax7 -/-; n = 4; P < 0.01) and a larger Sca1 MED /CD34 + fraction (10 ± 2% for wild-type and 16 ± 2% for Pax7 -/-; n = 4; P < 0.05; Fig. 2b ), of which 72 ± 2% were PICs (n = 3). Significant changes in other fractions were not observed ( Supplementary Information, Fig. S1h) . 
PICs show pronounced myogenic capacity in vitro
Freshly purified PICs were placed in culture to test for myogenic differentiation. After 4 days in culture, ~ 30% of cells were positive for MyoD and PW1 (Fig. 3a) , and Pax7 (data not shown) and gave rise to myosin heavy chain (MHC)-expressing multinucleate myotubes after 24 h in differentiation conditions (Fig. 3a) . Cells that did not form myotubes did not express skeletal muscle markers nor PW1, however, most expressed smooth muscle actin (Fig. 3a) , suggesting that PICs also give rise to smooth muscle. Further analyses revealed that only smooth muscle actin-negative cells were positive for MyoD and PW1 ( supplementary Information, Fig. S1i ).
Pax7 is required for myogenic specification of PICs
As loss of Pax7 results in a decrease in satellite cells and an increase in PICs (Fig. 1f) , we investigated whether loss of Pax7 altered PIC behaviour in culture. PICs and satellite cells from wild-type and Pax7 -/-mice were purified and directly compared in vitro. We observed that wild-type and Pax7 -/-satellite cells proliferated equally well in culture and that ~ 80% of cells expressed both MyoD and PW1. Furthermore, loss of Pax7 had no impact on the differentiation potential of satellite cells in vitro (Fig. 3b, c) . The behaviours of wild-type and Pax7 mutant PICs were markedly different. In proliferating cultures, only ~3% of Pax7 -/-PICs were MyoD + /PW1 + , resulting in a fusion index of ~ 2%, in contrast to > 30% myogenicity of wild-type PICs (Fig. 3a, c) . The smooth muscle fate of PICs was unaffected (Fig. 3a) .
To investigate whether skeletal myoblasts influence the myogenic potential of PICs, we co-cultured wild-type GFP-labelled PICs with wildtype unlabelled satellite cells, and tracked PICs using GFP as a marker. Under proliferating conditions, we observed PICs that did not express Pax7 in close proximity to PICs that expressed Pax7, together with Pax7 -cells adopted a small, rounded phenotype, suggesting satellite cells alter PIC behaviour in vitro ( Fig. 4a; Supplementary Information, Fig. S2 ). In differentiated cultures, > 60% of all nuclei in GFP + cells were in myotubes (verified by staining for MHC) compared with ~ 30% in cultures of PICs alone (Fig. 4b, top panels and Fig. 4d ). We performed live-cell imaging of differentiating GFP-labelled PICs with unlabelled satellite cells to follow cell interactions over time. We observed that GFP + cells (PICs) readily fused with unlabelled myoblasts and myofibres to form fibres composed of both satellite cells and PICs ( Fig. 4c; Supplementary Information, Movie 1) .
Both wild-type and Pax7 -/-satellite cells had comparable effects on the myogenic potential of wild-type PICs, revealing that Pax7 is not required by satellite cells to fuse with PICs (Fig. 4b, d ). In contrast, Pax7 -/-PICs were myogenically deficient when co-cultured with satellite cells from either wild-type or Pax7 -/-mice, giving rise to ~ 3% of nuclei in GFP + cells being incorporated into myotubes (Fig. 4b, d ). These data demonstrate that Pax7 is required for the myogenic capacity of PICs, whereas loss of Pax7 has little effect on purified satellite cells. 
PICs are bipotent
The observation that PICs give rise to smooth and skeletal muscle suggests that PICs have two cell fates. We used live-cell imaging of single cell cultured PICs to determine the complete cell fates of resultant daughter cells over the course of 3-4 days under growth conditions followed by 24 h of differentiation. We followed the division and movements of single and daughter cells ( Fig. 5a; Supplementary Information, Fig. S2 and Movie 2). As shown in Fig. 5 , single PICs gave rise to daughter cells that acquired both skeletal and smooth muscle fates, as determined by staining for MyoD, MHC and SM22 (Fig. 5b) . We did not see mixed cell . Therefore, we purified PICs from Rosa26 LacZ/+ mice or β-actin-EGFP mice to follow cell fate after injection into focally injured tibialis anterior muscles of nude mice. Freshly isolated satellite cells were injected into the contralateral limb tibialis anterior for direct comparison. We found that PICs participated as efficiently as satellite cells in myofibre formation, upon overall muscle inspection (Fig. 6a-c, i) . However, PICs recolonized muscle tissue with less sharply defined boundaries compared with muscle recolonized by satellite cells (Fig. 6a, see inset, versus b) . Histological examination of cross-sections of regenerated muscle following injection of labelled PICs revealed numerous labelled cells in the interstitium in all sections examined, whereas we did not observe labelled interstitial cells in muscle injected with satellite cells (Fig. 6c-e, j) , suggesting PIC self-renewal. No labelled fibres or interstitial cells were observed in injured controlateral muscles that received an injection of PBS (data not shown). Close inspection of sectioned muscle injected with R26 LacZ/+ PICs revealed that PICs gave rise to Pax7 + satellite cells (Fig. 6f) as well as PW1 + interstitial cells (PICs; Fig. 6i ). Satellite cell identity was further confirmed in regenerated muscle following injection with GFP-labelled PICs using antibodies against MCadherin and GFP (Fig. 6g) . We found a significant contribution of PICs to their own compartment whereas no labelled PICs were generated following satellite cell injection (Fig. 6j) . While PICs form smooth muscle in vitro, we primarily observed a contribution of injected PICs to myofibres in vivo, suggesting the tissue environment exerts a role in PIC specification.
PICs are not derived from satellite cells
PICs show myogenic regenerative capacity at levels comparable to satellite cells, suggesting a common cell lineage. Lineage analyses using Pax3 Cre mice crossed with Rosa lacZ mice confirmed that all cells derived from Pax3-expressing cells are myofibres and satellite cells (Fig. 7a, b) 2, 12, 19 . In contrast, we did not observe Pax3-derived cells in the interstitium (Fig. 7a, b) . PICs isolated from the Pax3
Cre × Rosa lacZ mice contained almost no β-galactosidase-stained (blue) cells whereas satellite cells were blue (Fig. 7c, d ). When PICs were cultured, we observed that all myogenic colonies were blue, demonstrating Pax3 expression upon entry of PICs into the skeletal muscle lineage (Fig. 7e ). These data demonstrate that PICs are not derived from satellite cells.
DISCUSSION
Satellite cells are considered to be the main source of myonuclei in postnatal muscle 9, 13, 21, 46 . However, the role of the satellite cell as a unique muscle progenitor has been challenged by reports of vascular or bone marrow cells with myogenic potential, as well as of resident multipotent stem cells 9, 24, 30, 44, [46] [47] [48] . As these cells do not express satellite cell markers (Pax7, MCadherin and NCAM) upon isolation, it is assumed that they lie outside the satellite cell niche. Defining a precise anatomical location for these progenitor cells has been challenging due to the lack of cellular markers, with the exception of Alp in the mesoangioblast/pericyte 30 . In this study, we provide evidence for muscle progenitors that are defined by their location in the interstitium coupled with PW1 expression. Similarly to satellite cells 17, 49 , this subpopulation of interstitial cells (PICs) is more abundant at birth and declines until about 2-3 weeks after birth, maintaining a 1:1 ratio with satellite cells. This decline in satellite cells may reflect recruitment to muscle during postnatal growth.
We demonstrated previously that PW1-expressing cells increase during regeneration, greatly exceeding the number of Pax7-positive cells 32 ; however, their precise role during myogenesis was not defined. A key role for Pax7 was demonstrated by the observation that Pax7 -/-mice show a dramatic decrease in satellite cells during postnatal growth 8, 12, 17, 19 . We note that there is a pronounced increase in PICs before the decline in satellite cells, representing the earliest developmental muscle phenotype in the Pax7 constitutive mutant. Pax7 -/-bulk muscle cultures are reported to have limited myogenic potential and to participate in nonmuscle lineages such as fat and blood, suggesting a primary role for Pax7 in lineage specification 8, 50 . Increased cell death has also been reported in Pax7 mutant satellite cells, suggesting a role for Pax7 in satellite cell maintenance 8, 17 . Here, we report that purified Pax7 mutant satellite cells are myogenically competent, form normal-sized colonies and are able to form myotubes in culture. Although our studies do not address Pax7 mutant satellite cell capacity for self-renewal or other critical stem cell properties, we show a clear defect in the behaviour of Pax7-deficient PICs, which are not myogenic under any conditions tested.
The capacity of PICs to participate in myogenesis in vivo at levels comparable to those obtained with freshly isolated satellite cells, demonstrates that PICs are a significant myogenic progenitor population. However, only PICs give rise to more PICs in addition to satellite cells and myofibres. These data show that PICs re-populate their niche at high levels, fulfilling one criterion for stem cell self-renewal. In this regard, skeletal muscle may be comparable to other tissues, such as the skin, in which multipotent bulge stem cells give rise to specified populations of progenitors, including keratinocytes, which either remain quiescent or progress to form epidermis 51, 52 . We show that PICs require Pax7 for myogenic specification, a role originally proposed for this gene 8, 20, 38 , which may have a critical role in postnatal muscle. The capacity for satellite cell self-renewal may not be sufficient until after postnatal growth is complete. This is consistent with a recent report confirming that Pax7 is required for postnatal muscle growth but not for adult muscle regeneration 22 . Whereas our lineage analyses confirm that satellite cells are derived from a Pax3 lineage 2, 12, 19 , PICs express Pax3 during myogenic commitment. It remains to be determined whether PICs are a source of satellite cells during normal postnatal development.
PW1 was isolated from a screen designed to identify early stem cell compartments that give rise to the myogenic lineage 31 . PW1 protein associates with TRAF2, which acts as an adaptor in TNF signalling, leading to NFkB activation 34, 37 . PW1 is also a p53-effector protein that associates with Bax and Siah1 in mediating cell death in non-muscle cells and can directly regulate myogenic differentiation through the caspase pathway 32, 36, [54] [55] [56] . It is striking that two muscle stem cell populations (satellite cells and PICs) constitutively express PW1, which may reflect a role in rapid and efficient recruitment after trauma and stress.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturecellbiology/. LacZ/+ and Pax7 LacZ/LacZ C57Bl/6J mice 56 , C57Bl6-β-actin-EGFP transgenic mice, in which cytoplasmic GFP is expressed ubiquitously under the control of the chicken β-actin promoter 57 , ROSA26 flox-LacZ; Pax3
Cre/+ , PGK-Cre mice (R26LacZ) and nu/nu mice (Elevage Janvier). All work with mice was carried out in adherence to French government guidelines.
Primary cell culture. Primary skeletal muscle cell cultures from the limb muscle of P10 mice were prepared by enzymatic digestion, as described previously 58 . Cells were plated on gelatin-coated dishes at a density of 1000 cells per cm 2 in BIOAMF-2 complete medium (ATGC). For myogenic differentiation, cells were transferred to differentiation medium (DM) for 24-36 h: DMEM (Gibco) containing 2% (v/v) horse serum (Gibco) and 1% (v/v) penicillin-streptomycin (Gibco). + cells were gated and excluded by negative selection. The remaining cells were then gated and sorted based on their CD34 and Sca1 expression. Purified cell populations were cultured as described above. For immuncytochemical analyses, freshly sorted cells (10,000 cells per slide) were immediately centrifuged onto glass slides using a Cytospin (ThermoFisher Scientific) for 5 min at 1000 rpm and immunostained for PW1 and Pax7, as described below. Quantitative analyses were performed by counting the number of positive cells out of a minimum of 300 cells in randomly chosen fields for each of three independent experiments.
Tissue injury and transplantation. Skeletal muscle regeneration was induced by a focal freeze-crush injury of the tibialis anterior of 2 month-old female nu/nu mice, as described previously 59 . At 24 h post-injury, freshly isolated PICs (CD34 + Sca1 MED CD45 -Ter119 HIGH ) and satellite cells (CD34 + Sca1 -CD45 -Ter119 HIGH ) from hind-and forelimb muscles of 7-10-day-old β-actin-EGFP or R26LacZ mice were washed, re-suspended in PBS and directly injected into the damaged muscle (10,000-15,000 cells per tibialis anterior). As a control, injured tibialis anterior muscles were injected with PBS. Muscles were collected 14 days post-injection.
Histological analyses. For immunofluorescence and immunohistochemistry experiments, entire hindlimbs from 0-14-day-old Pax7
LacZ/
LacZ and Pax3
Cre/+ X Rosa26 LacZ/+ mice and tibialis anterior muscles from transplanted nu/nu mice were snap frozen in liquid nitrogen-cooled isopentane or directly in liquid nitrogen. β-Galactosidase activity in R26LacZ-transplanted tibialis anterior muscles and Pax3
Cre/+ X Rosa26 LacZ/+ mice was revealed either before freezing or on transverse cryosections using X-gal, as described previously 10 . Cryosections (10 µ), cultured cells and cytospin preparations were fixed in 4% (w/v) paraformaldehye and processed for immunostaining as described previously [32] [33] [34] . Primary antibodies used were against: PW1 (ref. 31; 1:4,000), Pax7 (Developmental Studies Hybridoma Bank; 1:20), laminin (Sigma; 1:100), MCadherin (NanoTools; 1:100), Ki67 (BD Biosciences; 1:100), myoD (BD Biosciences; 1:100), smooth muscle actin (Sigma; 1:300), MF20 (Developmental Studies Hybridoma Bank; 1:2), GFP (Biovalley and Abcam; 1:400), Pecam-1 (BD Biosciences; 1:500), vimentin (Progene; 1:500) and F4/80 (AbCam; 1:500). For immunofluorescence, antibody binding was revealed using species-specific secondary antibodies coupled to Alexa Fluor 488 (Molecular Probes), Cy3 or Cy5 (Jackson Immunoresearch). As described previously 6 , nuclei were counterstained with DAPI (Sigma). For immunohistochemistry, antibody binding was revealed using species-specific secondary antibodies coupled with horseraddish peroxidase (Jackson Immunoresearch) and the enzymatic reaction was performed according to the manufacturer's instructions (VECTOR NovaRED substrate kit, AbCys). For quantitative analyses of immunostained tissue, positive cells in at least 350 fibres from randomly chosen fields were counted from three animals for each age per genotype. Cells in culture were quantified by counting at least 400 cells from randomly chosen fields for each of three independent experiments. Fusion indexes were quantified by counting the number of nuclei in MF20 + cells per total number of nuclei. For quantitative analysis of R26LacZ PICs and satellite cells, injected tibialis anterior muscles, blue fibres and interstitial cells from fields of the area of regeneration were counted from four animals for each experimental condition and were normalized to the fibre number in areas counted. At least 200 fibres (positive and negative) for each independent experiment were counted. Values represent the mean ± s.em. and statistical analyses were performed using Student's t-test, *P < 0.05, **P < 0.01 and ***P < 0.001.
Microscopy and live-cell imaging. Images were acquired using a Leica DM-IL inverted fluorescence microscope, Leica DM fluorescence microscope or Leica SPE confocal microscope. For detection of GFP + myofibres, a narrow range of emission wavelength (511-532 nm) was used to avoid detection of autofluorescence 61 . For live-cell imaging, cell cultures were monitored using a Nikon Ti microscope equipped with an incubator to maintain cultures at 37 o C and 5% CO 2 (Okolab), a CoolSNAP HQ 2 camera (Roper Scientific) and an XY motorized stage (Nikon), driven by metamorph software (Molecular Devices). For myogenicity of the PICs, fluorescence (GFP) and phase contrast images were acquired every 10 min. For cell lineage, isolated PICs were plated on gelatin-coated dishes with custom-made 5-mm diameter silicon wells (sylgard 184, Dow Corning), to allow the observation of all the area of the well, using the XY stage. Cells were transferred just after plating to the microscope and images of the whole well were acquired every 12 or 30 min during 4 or 5 days. Cells were plated at a density of 1000 cells per cm2 in BIOAMF-2 complete medium (ATGC) 
